We have performed replica-exchange molecular dynamics (REMD) simulations on the dimer formation of fibrilforming segments of α-Synuclein (residues 71 -82) using implicit solvation models with two kinds of force fields-AMBER parm99SB and parm96. We observed spontaneous formation of dimers from the extensive simulations, demonstrating the self-aggregating and fibril forming properties of the peptides. Secondary structure profile and clustering analysis showed that dimers with antiparallel β-sheet conformations, stabilized by well-defined hydrogen boding, are major species corresponding to global free energy minimum. Parallel dimers with partial β-sheets are found to be off-pathway intermediates. The relative instability of the parallel arrangements is due to the repulsive interactions between bulky and polar side chains as well as weaker backbone hydrogen bonds.
Introduction
Neurodegenerative diseases including Alzheimer's, Creutzfeldt-Jacob, and Parkinson's disease are associated with amyloidlike fibrils formed at neuronal surface.
1,2 Pathologies of these diseases, especially the mechanism of formation of oligomers or fibrils has been of great interests and extensive experimental researches have been performed. 3, 4 Despite substantial advances in experimental studies, detailed information concerning atomic level features of structures and formation mechanism of protein aggregates are rather limited. In part, this is due to the noncrystalline and insoluble nature of amyloid fibrils. More importantly, corresponding proteins are intrinsically unstructured and exhibit noticeable conformational plasticity, which is highly sensitive to environmental conditions. 5 The characteristics of the so-called "intrinsically unstructured" or "intrinsically disordered" proteins have been actively investigated in recent years. [6] [7] [8] It has been gradually recognized that study of unfolded or partially folded states of natively or intrinsically unstructured proteins are essential to understanding some biological processes. Owing to remarkable increases in computational resources and developments in computational algorithms, one of the most direct and prominent theoretical approaches to investigate the structures and dynamics of protein misfolding and aggregation on molecular level is to perform systematic molecular dynamics simulations. 9 Computational studies provide an integral part of multidisciplinary approaches for elucidating various amyloid assemblies. 10 A number of recent observations implicate α-synuclein in the pathogenesis of Parkinson's disease (PD). 11 In particular, the fibril formed from α-synuclein is the primary component of diagnostic hallmarks of PD such as Lewy bodies (LBs) and Lewy neuritis (LNs).
12-14 α-Synuclein is a 140 residue protein primarily found in neural tissue, especially in presynaptic terminals. It has been suggested that α-synuclein plays an important role in the pathogenesis of several neurodegenerative disorders. Circular dichroism (CD) and other optical methods showed that α-synuclein did not appear to possess a well-defined native structure, indicating its intrinsically unstructured nature. 15, 16 α-Synuclein also exhibits a remarkable conformational plasticity depending on its environmental conditions. 17 The flexible structure of α-synuclein makes it versatile for its interaction with other proteins. 18 α-synuclein was shown to adopt mostly helical structure upon association with small unilamellar vesicles or detergent micelle surfaces. 19 It is reported that the region called non-amyloid component (NAC) corresponding to 61-95 amino acid sequence of human α-Synuclein plays a crucial role in fibril formation. 20 In the previous work, we examined conformational characteristics of the NAC region by replica exchange molecular dynamics simulations. 21, 22 Recently, experimental results suggest that a hydrophobic stretch of 12 amino acid residues in the middle of the NAC region is essential for filament assembly. The 71-82 sequence of α-synuclein is the main component of NAC sequence of α-synuclein and strongly hydrophobic. It is also noted that this 12 residue sequence of peptides can self-aggregate and form a fibril showing a β-sheet like CD spectrum. 23 The same region was predicted to be "aggregation-susceptible" with a high intrinsic propensity for aggregation. 24 In this work, we have performed replica-exchange molecular dynamics simulations on a pair of peptides corresponding to the 71-82 sequence in α-synuclein in order to investigate dimerization process and structural features of dimeric aggregates. The present study is expected to provide structural information on the first step of the self-aggregation process at molecular level.
Model and Simulation Details
Oligomerization process of a peptide involves orientational rearrangement and conformational change. One needs to use computational schemes based on efficient conformational sampling or relevant conformational constraints in order to describe such aggregation process in a reasonable computation time. REMD simulation has been performed as an efficient sampling scheme for processes involving complex biomolecules. 25 In an attempt to observe the spontaneous ordering of oligomers, we have performed the replica exchange molecular dynamics (REMD) simulation for fibril-forming peptides of α-synuclein. To perform simulation process, linear chain of α-synuclein(71-82) sequence (VTGVTAVAQKTV) is prepared and copied to build a dimer. Initially, each peptide is randomly placed inside the simulation box. Peptides are confined within an imaginary sphere such that if the atoms are beyond the given boundary distance from the center of mass of the system, the attracting harmonic force centered at that boundary position will prohibit the molecules from flying apart from each other. The radius was chosen to be 30 Å, which was found to allow each peptide to move freely inside the sphere without severely disturbing the motion of the other peptide. After minimization process, the system is heated up to 500 K for 300 ps in order to obtain initial coordinates with randomly distributed conformations. At the next step, normal molecular dynamics simulation is performed for 500 ps on each replica without exchange, to equilibrate each replica at each corresponding temperature. REM simulation is performed with 16 replicas. The temperature distribution of REM includes 290, 300, 310. The exchange ratio is found to be ∼25%. Simulations have been carried out using AMBER. 26 We have used two sets of force fields. First, the combination of AMBER parm99SB force field and the implicit solvation model by Mongan, et al. 27 was used. This solvation model employs an approximation of a molecular surface dielectric boundary so that it eliminates interstitial regions of high dielectric smaller than a solvent molecule. We also adopted the AMBER parm96 force field with the implicit solvation model by Onufriev, Bashford, and Case. 28 This solvation model is a modified Generalized-Born model in which the effective Born radii are re-scaled to account for the interstitial spaces between atom spheres missed in previous model, being intended to be a closer approximation to true molecular volume. The second combination was shown to be the most consistent in capturing the behavior of various peptides with balance between strand and helical conformations. 29 Periodic boundary conditions were used and the cut-off distance was 20 Å. The SHAKE algorithm 30 was used for bond constraints and the time step was 2 fs for all simulations. Total REM simulation time is 520 ns for parm96 force field and 1.04 µs for parm99SB force field. Most analyses including secondary structure calculations, radius of gyrations, clustering analysis, and principle component calculations are carried out using analysis modules in AMBER. All the results presented have been obtained from 300 K data.
Results and Discussion
The new version of AMBER parm99, called parm99SB, was designed to provide better balance between extended and helical conformations, overcoming an inaccurate representation of glycine and a strong α-helical emphasis in the original version. 27 However, parm99SB was found to be problematic in representing extended conformations and showed tendency to form helical structures with the use of the implicit salvation model of Onufriev, Bashford, and Case. On the other hand, the combination of AMBER parm99SB force field and the implicit solvation model by Mongan, et al. was reported to give a balanced conformation between extended and helical conformations. 31 We tested this combination of force fields on dimer simulations for fibril-forming peptides of α-synuclein. REMD simulation was performed for about 1 µs. To measure the degree of convergence, principle component analysis was done and the first two major principle component vectors were calculated. Simulation trajectory was projected to two-dimension space with these two major PC vectors as a basis. The projected PC space is divided by 50 × 50 grids between maximum and minimum values of projected trajectory coordinates. The time evolution of the number of visited grids is plotted as shown in Fig. 1 . It was suggested that this method is useful in measuring the convergence of REMD simulation data. 32 It is noted that simulation trajectory seems to converge after about 170 ns. However, there exists a slight shift around 500 ns before it remains constant at somewhat different value. This result may suggest a possible structural transition at 500 ns. To examine the behavior of conformational properties, we calculated the time evolution of secondary structure content for the whole trajectory (Fig. 2) . It is apparent that the dominant component is turn structure, while helix structures appear at the early stage before converging to a range of ∼5% content after 500 ns. Concurrent with sudden decrease of helix contents, antiparallel β-sheet content increases and maintains a steady value, while the initial population of parallel β-sheet content also disappears after 500 ns. These results suggest that two peptides are initially aggregated into metastable conformations having partial helical structures and parallel β-sheets. The system seemed to be trapped in this state for rather long times before leading to more stable structure by proper rearrangement of the two peptides. During these structural transformations, unfavorable parallel arrangement is converted into antiparallel configuration which is expected to be energetically favorable. Fig . 3 shows the representative conformers of dimers obtained from the clustering analysis on the last 10 ns trajectory. Clustering was done using K-means algorithm with RMS as distance metric. The conformation in the middle of the figure shows typical antiparallel arrangement, while the other two conformers are rather disordered. The lack of well-defined extended structure is likely to be the effects of parm99SB force field as mentioned before. Nevertheless, our results illustrate the possibility of stable dimer formation with antiparallel β-sheet conformation. It was known that AMBER parm96 force field yield a rather high β strand propensity. Recent study claimed that the combination of AMBER parm96 force field and the implicit solvation model by Onufriev, Bashford, and Case shows the most consistent results with the behaviors of several peptides of different conformational features and represents the extended conformational peptides well. 31 We adopted this combination of force fields on dimer simulation for fibril-forming peptides of α-synuclein. Convergence test showed that the convergence in PC space is achieved after 120 ns, which is faster than simulation trajectory with parm99SB (Fig. 4) . The secondary structure contents showed that antiparallel β-sheet conformations are the most dominant species whenever dimers are formed (Fig. 5(a) ). Time evolution of radius of gyration illustrates inter-conversion between dimer and monomer conformations ( Fig. 5(b) ): sharp peaks represent the break-up of a dimer to form monomers while the rapid reduction of Rg corresponds to the formation of dimers. The conformational diversity of dimers and coexisting monomers is demonstrated by different conformers obtained from the clustering analysis on the last 10 ns trajectory (Fig. 6) . The monomer conformers and dimer conformations having partial parallel β-sheets or tail-to-tail aggregation with local antiparallel β-sheet bonds, are minor species, which can be considered as intermediate structures. There are two dominant antiparallel β-sheet conformational dimers with well-defined backbone hydrogen bond formation (conformers (b) and (g) in Fig. 6 ). In fact, about 70% of the conformational ensemble corresponds to well-arranged antiparallel β-sheet conformations. It is noted that one of the dimer conformations observed in parm99SB simulations (conformer (b) in Fig. 3 ) has the similar relative arrangements of residues in two chains as well as overall antiparallel geometry when compared with the two major conformers from the parm96 simulations. By performing the same clustering analysis on the other temperatures, it is also found that the stability of antiparallel conformations decreases as temperature increases: populations of antiparallel dimeric conformations at 290 K, 300 K, 310.7 K, and 322.1 K are 97%, 70%, 25%, and ∼0%, respectively.
In order to characterize the structural properties of the two major conformations, we obtained Cα-Cα contact maps and calculated secondary structure content and root-mean-square atomic fluctuation for each residue. The results for C α -C α contact map showed that the two structures represent well-ordered antiparallel β-sheets with essentially the same register of backbone hydrogen bonds (Fig. 7) . The structural similarities of the two major conformers are also illustrated by the distributions of the secondary structure contents and the atomic fluctuations as a function of the residue along the corresponding chains (Fig. 8) . As expected, the region with well-defined backbone hydrogen bonds corresponds to low backbone atomic fluctuations. Fig. 9 shows the backbone representative structures for the two major conformations and the schematic diagram of β-sheet registry consistent with the common configuration. We calculated a free energy surface as a function of the two main principle components using the simulation trajectory of the last 120 ns (Fig. 10) . Various conformations obtained from the cluster analysis described above are placed at the corresponding positions in the PC space. These conformers can be grouped into three species: two separated monomers, partial parallel β-sheets, and antiparallel β-sheets, which comprise different regions of the free energy space as indicated in the figure. It is clearly shown that antiparallel β-sheet conformational dimers represent global minium region in the free energy, while parallel dimers with partial β-sheets are relatively unstable intermediates. It is seen that the representative structures of clusters (b), (e), and (g) with antiparallel β-sheet conformations are not exactly located at the global minimum (dark blue region). This is due to the fact that the representative structure is not the centroid structure of that cluster, but the available structure closest to the centroid structure. In fact, the mean position of 9413 structures of cluster (b) is located at (PC1, PC2) = (27, 17) and corresponds to global minimum region. One of the structures in cluster (b) corresponding to the middle of global minimum region is also shown in Fig.10 . One can deduce the aggregation mechanism of dimer formation as follows. As the two chains get closer due to favorable hydrophobic interactions, they can adopt two orientations: parallel or antiparallel arrangements. For parallel dimers, even though they can form partial β-sheets with few hydrogen bonds, the resulting structure is relatively unstable and may disintegrate easily. For antiparallel dimers, the intermediate structures with partial hydrogen bonds are relatively stable and can be extended to form more stable antiparallel β-sheets with well-defined hydrogen bonding patterns.
Concluding Remarks
We have performed replica-exchange molecular dynamics (REMD) simulations on the dimer formation of fibril-forming segments of α-synuclein (residues 71-82) using implicit solvation models with two kinds of force fields-AMBER parm99SB and parm96. We observed spontaneous formation of dimers from the extensive simulations. Secondary structure profile and clustering analysis showed that dimers with antiparallel β-sheet conformations, stabilized by well-defined hydrogen boding, are major species corresponding to global free energy minimum. Parallel dimers with partial β-sheets are found to be off-pathway intermediates. The relative instability of the parallel arrangements is due to the repulsive interactions between bulky and polar side chains as well as weaker backbone hydrogen bonds than antiparallel hydrogen bonds. For small peptides, repulsions due to steric and Coulombic interactions between the same residues are dominant such that antiparallel arrangements are relatively stable. It can be argued that these results may be generalized to aggregation processes of short peptide oligomers regardless of their specific sequences. Further investigations on the aggregation of higher oligomeric species of small peptides and oligomers of longer sequences will give useful information on the structural diversity and dynamical heterogeneity of oligomerization processes.
